Deep brain stimulation (DBS) is an established surgical therapy for medically refractory tremor disorders including essential tremor (ET) and is currently under investigation for use in a variety of other neurologic and psychiatric disorders. There is growing evidence that the anti-tremor effects of DBS for ET are directly related to modulation of the dentatorubrothalamic tract (DRT), a white matter pathway that connects the cerebellum, red nucleus, and ventral intermediate nucleus of the thalamus. Emerging white matter targets for DBS, like the DRT, will require improved three-dimensional (3D) reference maps of deep brain anatomy and structural connectivity for accurate electrode targeting. High-resolution diffusion MRI of postmortem brain specimens can provide detailed volumetric images of important deep brain nuclei and 3D reconstructions of white matter pathways with probabilistic tractography techniques. We present a high spatial and angular resolution diffusion MRI template of the postmortem human brainstem and thalamus with 3D reconstructions of the nuclei and white matter tracts involved in ET circuitry. We demonstrate registration of these data to in vivo, clinical images from patients receiving DBS therapy, and correlate electrode proximity to tractography of the DRT with improvement of ET symptoms. Hum Brain Mapp 36:3167-3178, 2015.
INTRODUCTION AND BACKGROUND
Deep brain stimulation (DBS) is a surgical intervention that involves the implantation of stimulating electrodes into small nuclei or white matter tracts, often within the brainstem and thalamus. DBS is the standard treatment for medically refractory tremor disorders including Parkinson's disease and essential tremor (ET) [Benabid et al., 1991; Deuschl et al., 2006] , and is also under investigation for use in a wide variety of other neurologic and psychiatric disorders including major depression and chronic pain [Lyons, 2011; Perlmutter and Mink, 2006] . Recent evidence suggests that the efficacy of DBS for some disorders may be directly related to the ability to modulate specific white Additional Supporting Information may be found in the online version of this article. Contract grant sponsor: National Institutes of Health and the National Institute of Biomedical Imaging and Bioengineering; Contract grant number: P41 EB015897 matter pathways involved in disease circuitry. For example, the anti-tremor effects of DBS for ET appear to be related to stimulation of the dentatorubrothalamic tract (DRT), which connects the dentate nucleus of the cerebellum to the contralateral red nucleus and ventralis intermedius (VIM) nucleus of the thalamus [Coenen et al., 2011a [Coenen et al., , 2014 Plaha et al., 2004] . Despite growing interest in white matter targets like the DRT, current DBS reference atlases often lack the information necessary to target white matter structures. Improved three-dimensional (3D) maps of deep brain anatomy and structural connectivity will be essential for continued investigations on the role of white matter pathways like the DRT in DBS therapy.
The earliest and most widely used stereotaxic reference atlases for DBS are based on conventional light microscopy and histology techniques [Schaltenbrand et al., 1977] . These atlases benefit from the high in-plane resolution of light microscopy (200-700 nm), but are limited by anatomic distortions and loss of 3D information introduced by tissue fixation, embedding, and sectioning. Modern stereotaxic brain atlases are increasingly based on magnetic resonance imaging (MRI) [Fonov et al., 2011; Mazziotta et al., 2001; Oishi et al., 2010] , which can provide true 3D images with sufficient resolution and soft tissue contrast to identify many important DBS targets. Importantly, neither histology-based atlases nor standard MRI atlases provide 3D maps of white matter anatomy, which limits the range of DBS target structures that can be identified using such atlases.
Diffusion MRI, and specifically diffusion tractography, can provide detailed 3D maps of white matter connections in the human brain [Mori et al., 1999] . The anatomic accuracy of pathways, or tracks, generated by diffusion tractography depends on many factors, including spatial resolution, angular (diffusion) sampling, and the complexity of the anatomy being imaged [Calabrese et al., 2014; Thomas et al., 2014] . Unfortunately, due to its small size, complexity, and location within the cranium, in vivo diffusion MR images of the human brainstem often suffer from low spatial resolution, partial volume effects, magnetic susceptibility artifacts, and echo-planar imaging-induced eddy current distortions [Le Bihan et al., 2006] . Despite these caveats, diffusion tractography of the brainstem is frequently performed in human patients, and in vivo tractography of the DRT has even been used to localize DBS electrodes [Coenen et al., 2011a [Coenen et al., , 2014 .
Postmortem diffusion MRI of fixed specimens can overcome many of the limitations of in vivo studies through the use of exogenous contrast agents, specialized imaging hardware, and long scan times. Postmortem diffusion studies of the human brainstem allow considerably higher spatial resolution, superior contrast, and improved tractography. Other groups have used postmortem MRI of human brainstem specimens to investigate complex deep brain white matter anatomy, and even to explore previously uncharacterized white matter connections [Aggarwal et al., 2013; Edlow et al., 2012; Ford et al., 2013; McNab et al., 2009] . Many of these studies have struck a compromise between spatial resolution, angular sampling, and field of view (FOV) to keep scan time reasonable. For example, some studies have imaged only part of the brainstem [Edlow et al., 2012; McNab et al., 2009] , and others have collected only a limited number of diffusion measurements [Aggarwal et al., 2013] , thereby restricting diffusion tractography reconstruction methods. Importantly, no previous study has used postmortem diffusion MRI to investigate DBS circuitry.
Here, we present a combined high-spatial and highangular resolution diffusion MRI template of the entire brainstem and thalamus with an emphasis on exploring the anatomy and structural connectivity of DBS targets. We use these data to generate detailed probabilistic tractography of the DRT, and validate the anatomic accuracy of our results using retrospective analysis of image data and clinical outcomes from twelve patients who underwent DBS for ET. The data presented here represent a substantial improvement over previous 3D imaging methods in the human brainstem and thalamus, and provide a proof of concept for using postmortem diffusion MRIbased reference atlases for DBS targeting.
METHODS

Human Brain Specimens
A human brain specimen was obtained at autopsy from a 65-year-old anonymous male subject with no history of neurologic or psychiatric disease. The brain was removed from the calvarium using standard techniques after an approximately 24 h postmortem interval. After removal, the brainstem and thalamus (from the pyramidal decussation to the rostral extent of the diencephalon) were dissected from the rest of the brain, and the cerebrovasculature was flushed via the basilar and internal carotid arteries with normal saline containing 100 IU/mL of heparin. The specimen was immersion fixed in a 10% solution of neutral buffered formalin for 2 weeks, which was determined to be an adequate amount of time to allow complete fixation of the dissected specimen based on previous work [Dawe et al., 2009] . One week prior to imaging, the specimen was rehydrated in a 0.1 M solution of phosphate buffered saline doped with 1% (5 mM) gadoteridol (Pro-Hance, Bracco Diagnostics, Monroe, Township, NJ). Immediately prior to imaging, the specimen was transferred to a custom-made MRI-compatible tube and immersed in liquid fluorocarbon (Galden PFPE, Solvay Plastics, Brussels, Belgium). transmission and reception were achieved with a 65 mm inner-diameter quadrature RF coil (M2M Imaging, Cleveland, OH).
Anatomic images were acquired using a 3D gradient echo pulse sequence with repetition time (TR) 5 50 ms, echo time (TE) 5 10 ms, flip angle (a) 5 608, and bandwidth (BW) 5 78 Hz/pixel. The field of view (FOV) was 80 3 55 3 45 mm, and the acquisition matrix was 1600 3 1100 3 900 resulting in a 50 mm isotropic voxel size. Total acquisition time was 14 h.
Diffusion data were acquired using a simple diffusionweighted spin echo pulse sequence (TR 5 100 ms, TE 5 33.6 ms, BW 5 278 Hz/pixel). Diffusion preparation was achieved with a pair of unipolar, half sine diffusion gradient waveforms of width (d) 5 4.7 ms, separation (D) 5 26 ms, and gradient amplitude (G) 5 50.1 G/cm. Single-shell high angular resolution diffusion imaging (HARDI) data were acquired with 120 unique diffusion directions at b 5 4,000 s/mm 2 and 11 b 5 0 s/mm 2 (b0) volumes dispersed evenly throughout the acquisition. The FOV was 90 3 55 3 45 mm, and the acquisition matrix was 450 3 275 3 225 resulting in a 200 mm isotropic voxel size. Total acquisition time was 208 h.
Diffusion Data Processing
After initial image reconstruction, all image volumes (anatomic and diffusion) were registered to the first b0 image volume using the 12-parameter affine transformation implemented in ANTs (http://www.picsl.upenn.edu/ ANTS/) to correct for the linear component of eddy current distortions. The diffusion gradient matrix was corrected using the rotational component of the affine matrices derived from registration of diffusion-weighted images. The registered diffusion data and the corrected gradient matrix were used for all diffusion reconstructions.
The diffusion tensor was calculated at each voxel using a weighted least-squares approach. The diffusion tensor was used to generate various tensor derived scalar images including fractional anisotropy (FA), directionally colored FA (FAC), and apparent diffusion coefficient (ADC) maps. An isotropic diffusion-weighted image (DWI) was generated by taking the average of all diffusion-weighted image volumes. Tensor data was not used for tractography.
Probabilistic Tractography
Tractography regions of interest (ROIs) were manually segmented from both anatomic and tensor-derived image data, using a histology-based human brainstem atlas for reference [Paxinos and Huang, 1995] . ROIs for tracking the DRT included the superior cerebellar peduncles, the red nuclei, and VIM nuclei of the thalamus.
Tractography fiber data were reconstructed using FSL's BedpostX, a direct, multifiber orientation estimation algorithm that provides estimates of fiber distribution error for probabilistic tractography [Behrens et al., 2007] . These data were used for probabilistic fiber tractography using FSL's ProbtrackX. Tractography of the bilateral DRTs was generated using the superior cerebellar peduncle as a seed region, and the contralateral red nucleus and VIM nucleus of the thalamus as waypoints. Tracking parameters included 5,000 seeds per voxel, a step size of 100 lm, and a curvature threshold of 458 per voxel. Resulting tractography data were thresholded at > 2,000 tracks per voxel, or roughly 1%, consistent with previous work [Jbabdi et al., 2013] .
Patient Image Data
All experiments on patient image datasets were approved by the Duke University institutional review board (IRB). DBS patient image datasets and clinical outcomes were acquired as part of a separate study. Twelve patients with medically refractory ET received DBS targeted to the VIM nucleus of the thalamus. Atlas-based targeting of the VIM was performed according to standard neuroanatomical coordinates relative to the anterior commissure-posterior commissure (AC-PC) plane [Schaltenbrand et al., 1977] . The initial target coordinates were approximately midway between the midcommissural point and the PC along the plane of the intercommissural line (ICL), 13-16 mm lateral to the ICL, and midplane to the ICL. Final lead location was adjusted based on clinical efficacy and side effects during intraoperative macrostimulation. All patients were operated bilaterally and implanted with two quadripolar electrodes (model 3389, Medtronic, Minneapolis, MN) for a total of eight contacts per patient. Contacts measure 1.5 mm in diameter with a 0.5 mm tip before the most distal contact and 0.5 mm spacing between contacts. Final stereotaxic coordinates for each electrode contact are provided in Supporting Information Table I . Patient demographics included 4 males and 8 females with average age 65 6 15 years (Table I) . All patients underwent preoperative structural MRI and Preoperative MR imaging was performed on a 3 Tesla GE Discovery MR750 scanner (Waukesha, WI). T1weighted structural images were obtained with an inversion recovery prepared fast spoiled-gradient-recalled (IR-FSPGR) pulse sequence (TR 5 6.5 ms, TE 5 2.5 ms, a 5 128, BW 5 140 kHz), at 1 mm isotropic resolution.
CT images were acquired on a Siemens SOMATOM Definition Flash scanner with a spiral scan using a 512 3 512 Matrix over a 250 3 250 mm FOV for an in-plane resolution of 0.484 mm. Approximately 300 contiguous, nonoverlapping, 0.625 mm thick slices were acquired covering the entire neurocranium. Additional scan parameters included MA setting 5 250 and kVp 5 120. CT data were automatically registered to preoperative MRI data using an affine transformation model driven by mutual information.
Post-Operative Electrode Testing and Outcomes
Postoperative electrode testing was performed on DBS patients after initial surgical recovery. Each contact was tested independently at voltages ranging from 0.5 to 3 volts, dependent on patient tolerance, with a frequency between 135 and 185 Hz and pulse width between 60 and 90 microseconds. For each contact, treatment efficacy was recorded on a three level subjective scale that included "no effect," "mild/moderate control," and "good/excellent control." Any undesired side effects were recorded on a binary scale that included "no significant side effects" and "significant side effects." Typical side effects included paresthesias, worsening of tremor, and/or dysarthria. In some cases where an effective contact was identified early in the testing process, remaining contacts were not tested to avoid unnecessary patient discomfort, and corresponding data points were recorded as "n/a". The results of outcome testing are presented in Supporting Information  Table 2 .
Registration of Postmortem Images to Patient Images
All image registration steps were accomplished using the ANTs image registration software package. The gradient echo anatomic images from the postmortem dataset (resampled to 1 mm resolution) and the FSPGR images from DBS patients were used to drive registration. Registration followed a three-step process similar to previously published methods [Napadow et al., 2006] . First, a landmark-based rigid body transformation was used to align to posterior commissures, which were manually identified in each dataset. Second, a brainstem-weighted affine registration was used to account for global anatomic differences between the postmortem and in vivo brainstem image data. Finally, a brainstem-weighted greedy symmetric normalization (SyN) diffeomorphic registration was used to account for local, nonlinear anatomic differences. Brainstem-weighting refers to the fact that the image similarity calculations used to drive the registration were confined to a dilated mask of the brainstem and thalamus [Napadow et al., 2006] . Normalized mutual information was the image similarity metric used to drive the registration, because it is independent of image contrast and performs well in multimodality image registration [Wells et al., 1996] . A multiresolution iterative approach was used with four resolution levels ranging from 8-fold downsampling (8 mm) to full resolution (1 mm), and Gaussian spatial smoothing ranging from r 5 2 mm to no smoothing. The resulting transforms were used to propagate both image data and probabilistic tractography data from the postmortem dataset into the anatomic space of each patient dataset. Supporting Information Figure 1 shows a schematic of the three-step registration process along with representative pre-and post-registration images for each step.
Analysis of DBS Contact Proximity to the DRT and VIM
Registered image data were used to assess the correlation between clinical outcomes and DBS contact proximity to the DRT/VIM from the registered postmortem template. For each patient, postoperative CT data were used to generate 3D surfaces of implanted DBS electrodes. The threshold for surface generation was chosen such that the resulting surfaces had the same diameter as the actual electrodes. Registered DRT tractography and VIM segmentations from the postmortem template were also converted to 3D surfaces. Each contact (eight per patient) was analyzed as a separate data point. Contact proximity was measured independently by two observers as the Euclidean distance between the closest surface of the contact and the closest surface of the target. Proximity data were binned into three intervals: direct contact, 1 mm from target, and > 1 mm from target, consistent with the maximum registration accuracy of this study (1 mm). Both clinical outcome data and contact proximity to the DRT/VIM were converted to numerical ranks, and statistical correlation was assessed using the nonparametric Spearman rank correlation. Significance was determined as P < 0.05 or P < 0.0125 after Bonferroni correction for multiple comparisons.
RESULTS
Postmortem Human Brainstem Imaging
A complete brainstem and thalamus specimen was successfully dissected from a postmortem human brain. The resulting specimen measured approximately 10 cm from the pyramidal decussation to the dorsal extent of the thalamus and 5 3 4 cm at its widest point (Fig. 1A,B ). The specimen was imaged using high-resolution gradient echo and diffusion MRI protocols. Gradient echo anatomic images provided excellent contrast between thalamic nuclei and surrounding white matter, and confirmed that the entire thalamus was intact in the imaged specimen (Fig. 2) . At 50 lm isotropic resolution, these data are 8,000fold higher resolution than routine 1 mm isotropic resolution clinical datasets. This improved spatial resolution reveals many small anatomic features that are not commonly seen in clinical MR images of the brainstem, including the reticular nucleus of the thalamus, the six cell layers of the lateral geniculate nucleus, and individual fasciculi of the transverse fibers of the pons (Fig. 2, arrowheads) . Despite being 64-fold lower resolution volumetrically, diffusion tensor-derived images provide additional anatomic insights through their unique contrast mechanisms. For example, the DWI image at the level of the midbrain highlights the red nuclei and substantia nigra (Fig. 3A2 ), which are not as well defined in other image contrasts. Similarly, the corresponding ADC image uniquely delineates the periaqueductal gray (Fig. 3B2) , and the FAC image reveals otherwise obscured white matter features such as the commissure of the superior colliculus (Fig. 3C2 ). Many other prominent contrast differences can be observed in tensorderived images through the thalamus, pons, and medulla (Fig. 3 ). Because of these major differences in highlighted anatomy, both gradient echo anatomic images and tensorderived images were used to segment out regions of interest (ROIs) for diffusion tractography studies including the Gradient echo anatomic images of the postmortem brainstem and thalamus specimen at 50 lm isotropic resolution. A single coronal slice is shown (left) with three horizontal lines representing the slice planes for the three axial slices (center) through the thalamus (1), midbrain (2), and pons (3) 
Probabilistic Tractography
Probabilistic tractography with multiple fiber orientations was used to reconstruct DRT probability maps in the postmortem brainstem dataset. The DRT courses from the dentate nucleus of the cerebellum through the superior cerebellar peduncle, crosses the midline in the mid pons, passes through and around the contralateral red nucleus, and finally relays in the VIM nucleus of the thalamus before continuing to cortical motor areas (e.g., Fig 4A) . Importantly, routine clinical diffusion tractography data are poorly suited for accurately representing crossing fibers, such as those present in the midline crossing of the DRT between the dentate nucleus and the red nucleus. For this reason, previous tractography studies of the DRT in clinical datasets have identified erroneous ipsilateral connections between the dentate nuclei of the cerebellum and the red nuclei [Barkhoudarian et al., 2010; Coenen et al., 2011a Coenen et al., , 2014 . Probabilistic tractography of the postmortem template correctly represented the midline crossing of the DRT as well as its connections to the contralateral red nuclei and VIM nuclei ( Fig. 4A-C) . Probabilistic tractography also revealed minor branches of the DRT coursing along the medial aspect of the red nuclei (Fig. 4B) . These medial pathways have been observed in histology studies of the human brainstem [Massion, 1967] , but have not previously been demonstrated with diffusion tractography. Visualization of probabilistic DRT tractography with surface renderings of the VIM nuclei and red nuclei clearly demonstrates the close relationship between these structures in the human brainstem, and highlights the potential difficulty in accurately targeting DBS electrodes in this complex brain region (Fig. 4C ).
Registration of Postmortem MRI to Clinical Datasets
Postmortem brainstem data were nonlinearly registered to 12 patient datasets. We observed considerable variation in patient brain anatomy, particularly with regard to ventricle size. Nonetheless, registration of postmortem brainstem data to patient datasets yielded good visual alignment (Fig. 5) . Major borders, such as the anterior surface of the pons, the dorsal surface of the thalamus, and the posterior surface of the tectum showed strong agreement between patient datasets and registered postmortem data (Fig. 5A,B) . Smaller features, such as the optic chiasm, were also very closely aligned after registration (Fig.  5B,C) .
Additional assets from the postmortem dataset, including probabilistic tractography and 3D segmentations of the VIM and red nuclei, were also transformed into patient image space. These data, combined with postoperative CT data for electrode localization, allowed 3D visualization of the complex spatial relationships between DBS contacts and the relevant nuclei and white matter tracts (Fig. 6A-D) . In most clinical datasets, DBS contacts were clearly visible in postoperative CT data as four discrete bulges at the distal end of the electrode (e.g., Fig. 6B ). In cases where contacts were not clearly visible in CT data, they could be inferred based on the specific geometry of the electrodes used [Coenen et al., 2011b] . Using these data, we measured the position of each electrode contact with respect to the DRT and VIM from the postmortem template. Across all patient datasets, 22/24 electrodes had a least one contact directly touching the VIM nucleus segmented from the postmortem template (i.e., Fig. 6A,B) . In contrast, only 18/24 electrodes had at least one contact directly touching the thresholded DRT model (Fig. 7) . Complete contact position data are presented as Supporting Information Table 2 , along with subjective assessments of treatment outcomes and side effects from independent stimulation of each contact.
Statistical Analysis of DBS Contact Position and Clinical Efficacy
To assess the accuracy of our postmortem template, we tested for statistically significant correlation between electrode proximity to the DRT and VIM, and clinical outcomes including treatment efficacy and the presence of side effects. The nonparametric Spearman rank correlation was used because clinical outcomes were assessed as ordinal variables. The calculated P-values and r-values (i.e., Spearman correlation coefficients) for each comparison are presented in Table II . We observed no significant correlation between contact proximity to the DRT or VIM and the presence of side effects. Despite the fact that the VIM nucleus of the thalamus was the explicit target for DBS electrodes, we did not detect a statistically significant correlation between treatment outcome and contact proximity to the VIM from the postmortem template. We did, however, detect a highly significant, yet weak, positive correlation between treatment efficacy and contact proximity to the DRT from the postmortem template (P 5 0.005, r 5 0.336). This correlation remained significant after Bonferroni correction for multiple comparisons (P corrected 5 0.02). This correlation suggests that our postmortem DRT model has at least some degree of anatomic relevance for DBS electrode targeting in ET patients.
DISCUSSION
This study represents a proof of concept for using highresolution postmortem diffusion MRI reference atlases for DBS targeting. Our results show that: (1) postmortem diffusion MRI can be used to create a high-quality, high-resolution template of the human brainstem and thalamus; (2) these data can be aligned to patient datasets using automated image registration; and (3) that electrode position within the registered template has a significant correlation with treatment efficacy.
In many ways, the postmortem MRI template presented here is quite similar to histology-based stereotaxic atlases that are already in widespread use for DBS targeting [Schaltenbrand et al., 1977] ; they are both based on image data from a single postmortem specimen, and both have been manually annotated to highlight relevant anatomy. The major drawback of postmortem MRI compared to histology is the difference in in-plane spatial resolution. However, it is unclear if this resolution difference (50 lm for postmortem MRI versus submicron resolution for histology) provides any substantial benefit for DBS targeting. In addition, the MRI data presented here have several advantages over histology data including isotropic image resolution, multiple image contrasts within the same tissue, and 3D structural connectivity models from diffusion tractography.
Tractography-based DBS electrode targeting is growing in use despite uncertainties on its anatomic validity and shortcomings in its ability to reconstruct relevant pathways, like the DRT, from clinical datasets [Coenen et al., 2011a; Sweet et al., 2014] . Postmortem diffusion tractography, while subject to the same fundamental limitations, can provide increased anatomic accuracy through improved image quality, increased spatial and angular (diffusion) resolution, and reduced image artifacts. High angular resolution diffusion datasets also allow advanced tractography methods including probabilistic tractography with multiple fiber orientations, which may be more sensitive than standard deterministic tractography [Behrens et al., 2007] . Although some studies have attempted to improve in vivo tractography of the DRT using advanced acquisition and/or probabilistic tractography techniques [Hyam et al., 2012; Kwon et al., 2011] , these protocols are often inappropriate for routine clinical assessment, and still do not match the precision of postmortem studies.
As with any brain reference template, accurate alignment to patient datasets is essential for reliable anatomic targeting. One advantage of 3D MRI-based reference datasets is that they can be relatively easily registered to clinical MRI datasets using freely available image registration software [Avants et al., 2008] . We were able to achieve good registration between our postmortem template and 12 patient datasets, particularly with regard to ventricular and/or exterior borders of the brainstem and thalamus. Unfortunately, due to low resolution and the relative lack of contrast within the brainstem in clinical MRI data, it is difficult to assess the registration accuracy of internal structures, including many of the major targets for DBS. However, the relatively low anatomic variability of the brainstem compared to other regions of the human brain may limit the potential for inaccurate registration of internal structures [Afshar et al., 1978; B€ urgel et al., 2006] . Nonetheless, registration accuracy could likely be improved through the use of a population average template that better represents normal anatomic variability. It is also possible that patients undergoing DBS for medically refractory ET or other movement disorders have unique anatomic abnormalities that would not be well represented by a population atlas of neurologically normal subjects. Exploring this anatomic variability while beyond the scope of this work, will be important for future development of postmortem MRI-based atlases designed for clinical use. Accounting for such variability may be particularly important for tractography-based studies since individual differ-ences are often observed in tracks derived from in vivo data [Coenen et al., 2014; Sweet et al., 2014] . Finally, several groups have pointed out that postsurgical brain shift can complicate registration of postoperative CT data to preoperative MRI [Khan et al., 2008; Miyagi et al., 2007; Pallavaram et al., 2010] . It is unclear to what degree brain shift affects the position of the VIM and DRT, nor how to account for this shift since postoperative imaging studies suffer from electrode-induced artifacts. Future studies will be needed to determine the importance of brain shift and how to account for its effect on electrode localization. MRI compatible DBS hardware and specialized MRI pulse sequences will undoubtedly be an asset in such studies.
Despite potential registration issues, we were able to show a statistically significant correlation between treatment efficacy and contact proximity to the DRT of our postmortem template. Although this correlation was r Postmortem Diffusion MRI for DBS Electrode Localization r r 3175 r highly significant, it was relatively weak, suggesting that other factors play a role in treatment efficacy. The use of subjective, ordinal assessments of treatment efficacy, and the requirement for nonparametric statistics, could contribute to the lack of a strong monotonic correlation. Future studies of this kind would likely benefit from newer objective and quantitative methods for assessment of ET treatment efficacy [Wastensson et al., 2013 ]. An additional limitation of the correlation method used here is that each contact was treated as an independent data point even though contacts on the same electrode are spatially related. This was done for simplicity, but could confound our correlation results. Finally, it is known that the electrical fields produced by stimulating DBS electrodes extend Visualization of DBS electrode position relative to the DRT from the registered postmortem template for all 12 patient datasets examined in this study. For each patient, we show a single oblique slice, roughly corresponding to the diagram in the top left, along with probabilistic tractography of the DRT derived from the registered postmortem template (orange), and a surface rendering of the implanted DBS electrodes derived from postoperative CT data (green). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] beyond the physical limits of the contacts [Butson et al., 2007; McIntyre et al., 2004] . It is possible that incorporating electrical field modeling of each electrode contact, as has been demonstrated in previous work [Coenen et al., 2014] , could yield more accurate correlation results.
One interesting result of our study was the lack of a significant correlation between treatment efficacy and contact proximity to the VIM, which was the intended electrode target. There is increasing evidence that the anti-tremor effects of VIM DBS are related to modulation of the DRT rather than the VIM itself. DRT fibers pass through a portion of the VIM, and it is possible that stimulation of this area is principally responsible for tremor control. The borders of the VIM are also relatively difficult to identify in both MR images and histologic sections. Although we have used both high-resolution gradient echo images and a range of tensor-derived image contrasts to segment the VIM, the anatomic accuracy of our model is still subject to human error.
Surgical targeting of DBS electrodes is complicated by the limitations of in vivo brain imaging, the shortcomings of available stereotaxic reference atlases, and the inaccuracies of stereotaxic positioning equipment. While significant progress has been made in each of these areas in the past decade, there are still many opportunities for improvement. In particular, high-resolution MRI-based reference templates, like the postmortem data presented here, could improve on conventional histology-based atlases by incorporating accurate volumetric imaging and 3D connectivity mapping from diffusion tractography. The need for such improved 3D maps will only increase with parallel advances in targeting hardware, and the use of directional DBS leads. Future studies will be needed to determine if the potential benefits of postmortem MRI-based DBS atlases will be worth the substantial technical barriers to their effective clinical implementation.
